The need for technological development to reduce the impact of air pollution caused by ships has been strongly emphasized by many authorities, including the International Maritime Organization (IMO). This has encouraged research to develop an electric propulsion system using hydrogen fuel with the aim of reducing emissions from ships. This paper describes the test bed we constructed to compare our electric propulsion system with existing power sources. Our system uses hybrid power and a diesel engine generator with a combined capacity of 180 kW. To utilize scale-down methodology, the linear interpolation method is applied. The proposed hybrid power source consists of a molten carbonate fuel cell (MCFC), a battery, and a diesel generator, the capacities of which are 100 kW, 30 Kw, and 50 kW, respectively. The experiments we conducted on the test bed were based on the outcome of an analysis of the electrical power consumed in each operating mode considering different types of merchant ships employed in practice. The output, fuel consumption, and CO 2 emission reduction rates of the hybrid and conventional power sources were compared based on the load scenarios created for each type of ship. The CO 2 emissions of the hybrid system was compared with the case of the diesel generator alone operation for each load scenario, with an average of 70%~74%. This analysis confirmed the effectiveness of using a ship with a fuel-cell-based hybrid power source.
Introduction
In 2015, the "Third IMO Greenhouse Gas Study," conducted by the International Maritime Organization (IMO) [1] , reported that air pollutants emitted from ships in 2012 accounted for 13% of NOx, 12% of SOx, and 2.6% of CO 2 in terms of global atmospheric pollutant emissions [2, 3] . The International Council on Clean Transport (ICCT), an international environmental non-profit organization, has analyzed and forecasted the pollutant emissions from ships from 1990 to 2050, and reported that the NOx and SOx emitted from ships are expected to increase to 30% and 20%, respectively, of all global pollutant emissions [3] [4] [5] . These study results support the view that the long-term effects of atmospheric pollutants caused by ships are foreseen to become more severe, considering the trend of increasing global trade in the future. Clearly, there is a need to develop technology for reducing pollutant emissions from ships [6, 7] .
Currently, fuel cells that use hydrogen fuel to reduce pollutant emissions from ships are being studied [8] [9] [10] [11] . Fuel cells take the chemical energy within the hydrogen that is used as fuel and convert it into electrical and thermal energy through an electrochemical reaction with the oxygen present in the air. They produce almost no pollutant emissions or noise when generating electricity, and they can use various fuels as sources of hydrogen. Fuel cells are an eco-friendly energy source with very high electrical efficiency. Fuel-cell-based power generation can reduce greenhouse gas emissions by 30% compared to existing power generation methods [12] . Therefore, most advanced countries throughout the world regard fuel cells as a next-generation technology and are actively developing them [13, 14] .
The research on a hybrid system combining a fuel cell system with a diesel engine, which is the main power source of a ship, has been conducted in Europe [15] [16] [17] [18] . The report of the European Maritime Safety Agency (EMSA), 'Study on the Use of Fuel Cells in Shipping', applied fuel cells as the main power or auxiliary power of ships from the beginning of 2000 and 24 projects in Europe and the United States with the beginning of the 'US Ship Service Fuel Cell Program [US SSFC]' project [19] . Analysis of these studies shows that most of the methods are generally aimed at improving the performance of hybrid systems (fuel cells, diesel generators) or the configuration of their systems and that there is no experimental study on the reduction of CO 2 emissions from the hybrid power generation systems [20, 21] .
Therefore, an empirical study was conducted through experiments on CO 2 reduction that has not been carried out in previous projects so far. Molten carbonate fuel cells (MCFCs) were selected as fuel cell systems of a combined power source because the characteristics of MCFCs are suitable for application to ships [22, 23] . Since MCFCs operate at high temperature, the reaction rate is fast, even when using low-cost catalysts, as compared with relatively different fuel cell systems. Even when the ship is sailing for a long time, the external reformer is not installed separately and natural gas or coal gas is directly used as fuel. It is appropriate to apply it as the main power source for the base load of the ship [24] .
In this study, to reduce the emissions from ships, empirical experiments on the fuel consumption and carbon dioxide emission reduction effect of a combined power source (fuel cell + battery + diesel generator) instead of the diesel generator were conducted. The capacity of the combined power source was 100 kW for MCFCs, 30 kW for batteries, and 50 kW for diesel generators. In order to carry out the experiment on the test bed, the power amount for each operation mode was analyzed according to the type of the commercial vessel, and the scale was downsized according to the capacity of the test bed. The fuel consumption and carbon dioxide emissions of the ship were calculated, according to the load profile of the ship, within 180 kW of the configured system. It can be confirmed through the demonstration that carbon dioxide emission and fuel consumption was considerably reduced compared to the conventional diesel power source.
Background
The International Convention for the Prevention of Marine Pollution from Ships (MARPOL) agreed that emissions, such as NOx and SOx, from ships should be reduced by 20% or less of the current emission amounts from 2008 to 2015. Since 2016, the agreement has recommended an 80% reduction in pollutant emissions [25] . In addition, the IMO has introduced the energy efficiency design index (EEDI), which is an index of factors to be considered in ship design to contribute toward reducing CO 2 emissions. The CO 2 emission regulations based on the EEDI that were imposed by the IMO on all new ships built since 2013 are listed in Tables 1 and 2 . Ships that do not meet the required EEDI levels are prohibited from entering ports [26] . In Table 2 , the EEDI will be implemented in phases. Currently, it is in phase 1, which runs from year 2015 to 2019. Phase 2 will run from year 2020 to 2024 and phase 3 from year 2025 onwards [27] . National and international regulations are gradually being strengthened and require ocean pollutant emissions from ships to be reduced continuously. However, it is not possible to address this problem solely through modern engine technology without installing additional devices for preventing environmental pollution. Therefore, there is an increasing demand for high-efficiency power sources for ships with almost no pollutant emissions. Normal high-efficiency diesel engines have an energy efficiency of approximately 40%, and facilities equipped with CO 2 -capturing devices or pollutant-processing devices for emission gases have limited effectiveness owing to increases in the system volume and fuel energy consumption [28] .
On the other hand, if fuel cells powered by hydrogen, which are eco-friendly high-efficiency power sources, could be an alternative solution, instead of diesel engines, to a propel ship, there could be almost no emissions (for example, NOx, SOx, CO 2 , or PM); the fuel cells would produce no noise or vibration and would have good power generation efficiency [14] . As such, fuel cells powered by hydrogen have considerable potential as a next-generation main power source for ships. In addition, they can be modularized to reduce complexities in terms of their construction and installation. Therefore, their capacity can be adjusted such that it is most effective for specific types or functions of ships. They have a very wide range of uses and are considered a technology that will play a leading role in ship propulsion systems in the future [8, 29] .
Types and Properties of Fuel Cell Systems
Most fuel cells generate electricity and heat via the chemical reaction between hydrogen and oxygen, and water is created as the product. Various types of fuel cells are being studied, and each of these fuel cells is classified according to the characteristics of its electrolyte. The properties of these cells are described in Figure 1 and Table 3 [19, 24] . Although there are various types of fuel cells, such as in Table 3 , in this paper, MCFCs are considered to be the main power source for the base load of the ship and were applied on the test bed. Because MCFCs operate at a high temperature, they can achieve a fast reaction rate even with a comparatively low-cost catalyst, a simple system design of a fuel cell, and low initial investment cost. In addition, even when the ship is sailing for a long time, natural gas or coal gas can be directly used as a fuel without installing an external reformer separately [16, 22, 23] . Emissions from ships include greenhouse gases (GHGs) emitted from the diesel engines, steam engines with boilers, and gas turbines, which are the main engine types used to power ships, ranging from leisure crafts to large-scale freighters. The emitting crafts, which are the focus of the ship section of the "Intergovernmental Panel on Climate Change (IPCC) Guidelines 2006" report, include sailing ships, fishing boats, and other ships. The method for calculating GHG emissions is presented in Table 4 [30] . The activity data used in the Tier 1 method are based on fuel consumption, thus emission coefficients are needed for each fuel and pollutant. In the case of CO 2 , SO 2 , and heavy metals, there is a close relationship between the emission coefficient and the CO 2 , SO 2 , and heavy metal content of the fuels. The calculations must take into account the related pollutant content in the fuel for each year and the target class of the ship according to the national region.
Comparative Analysis of Fuel
Tier 1 and Tier 2 emissions were calculated by using a method that uses petroleum sales as the index for the basic level of activity. It performs calculations by assuming the averaged characteristics of each ship type. The method to calculate Tier 3 emissions was based on the operating profile information of the ship. The Tier 3 method can be used when it is possible to collect not only the data on the engine, fuel usage, and duty cycle of the ship, but also information about its voyage. Because the actual voyage data of the ship must be taken into account, port arrival/departure statistical data regarding the voyage of the ship was used to calculate the fuel consumption and emissions while taking into account the emissions for each operating profile and the ship type, fuel type, engine type, technical specifications, and engine load, yearly operating time, etc.
IMO Conversion Emission Factor
At the 1997 MARPOL conference, research on the GHGs emitted by ships was presented via a discussion on "CO 2 emissions from ships." The first GHG study performed by the IMO was presented at the 45th the Marine Environment Protection Committee [MEPC] conference. At the 56th MPEC conference, it was determined that a second IMO GHG study would be performed to examine atmospheric emissions caused by exhaust gas emissions, volatile fuel emissions, and refrigerant leaks.
One goal of this study is to calculate the CO 2 emissions occurring when a hybrid power source is used in a ship. For this, only the exhaust gas emissions of the diesel engine and fuel cell were considered. Although the IPCC calculates GHG emissions by taking into account the ship type, fuel type, engine type, etc., this study used the CO 2 mass conversion factor, a dimensionless constant, presented in the "Calculation of Energy Efficiency Operational Indicator Based on Operational Data" to calculate the CO 2 emissions (IMO MEPC1/Circ 684 2009). GHG emissions were calculated by using the IPCC 2006 guidelines for CH 4 and N 2 O in Table 5 (IPCC 2006) , and the ISO 8217 Grades DMX conversion factor was used for CO 2 [31] [32] [33] . 
Specifications of Components in the Fuel-Cell-Based Hybrid Power Source Test Bed
The process flow diagram (PFD) of the fuel-cell-based hybrid power source test bed is shown in Figure 2 . The test bed was composed of the following specific components: The MCFC system, energy storage system (ESS), diesel generator, load bank, and intelligent energy management system [34] [35] [36] [37] . 
MCFC System
The fuel cell used in the test bed was a 300 kW MCFC system composed of a stack module, an electric balance of plant (EBOP), and a machinery balance of plant (MBOP) [38] . The fuel cell system constituting the combined power source was operated with a rated capacity of 300 kW. However, a 100 kW output was used in a practical test bed. The MBOP was pretreated to make a better chemical reaction between the fuel gas and air, which concludes a pre-former, heater, humidifier, valves, pump, and blower [39] . The specifications are listed in Table 6 . The peripheral equipment needed by the fuel cell system is shown in Figure 3 . It includes a fuel injection part for supplying natural gas, a potable water injection part for producing ultrapure water, a part for emitting drainage water resulting from the production of ultrapure water, and a nitrogen/mixed gas injection part for protecting the stack. The air injection and exhaust gas emission parts were at the top of the MBOP. Two exhaust fans were installed within the MBOP [40] . The power generation concept of the fuel cell system is shown in Figure 4 . The system was composed of a heat-up operating mode, which increases the initial temperature of the fuel cell stack module, a ramp-up operating mode, which increases the power to the rated output for actual power generation, and the operation mode, which produces the rated output. 
Energy Storage System (ESS)
The energy storage system is the electricity storage device, which uses electricity in the battery generated by the fuel cell stored. As shown in Figure 5 , it is composed of a secondary battery and power conditioning system (PCS) [41] . A lead-acid battery was used for the ESS in the test bed, and it was built using the bidirectional connection system, of which the specifications are listed in Table 7 . The PCS has functions for checking the state of charging (SOC) of batteries in real time and controlling the temperature, current, and voltage to enable the system to be operated in a stable manner. It also has functions for surge protection, automated prevention of overcharging/overload, overvoltage alarms, and overvoltage prevention. The 50 kW synchronous generator used in the test bed is a revolving-field-type generator which uses a permanent magnet. Its specifications are given in Table 8 . 
Load Bank
The load bank is a forced air-cooled load bank with a rated capacity of 300 kW. It has high resistivity and experiences little change in resistance due to temperature increases. It uses an iron-chrome type 2 heating wire (FCHW-2). The load bank was used in the test bed to provide the electrical load for testing power sources, such as the generator or the uninterruptable power supply. The specifications of the load bank are listed in Table 9 . The resistance of the load bank was connected in parallel to allow the load capacity to be adjusted. 
Intelligent Energy Management System (IEMS)
The intelligent energy management system (IEMS) is a control system which monitors the voltage, current, and output of each device and the system state in real time and enables the system to be operated reliably. It adjusts the load of the load bank according to the load pattern in real time and allows the different devices to be synchronized [42] [43] [44] [45] [46] .
The test bed was organized such that the IEMS and power sources (MCFC, diesel generator system (DGS), and ESS) could send and receive device statuses and operation commands through an interface, as shown in Figure 6 . Communications were based on an RS-285 and Ethernet to take into account noise and effects of external factors, such as surrounding devices. In addition, an external connection to the internet was used to allow the operating test bed system to be monitored from locations with internet connectivity. As shown in the Table 10 below, the control logic was configured to control the complex power system according to the SOC of the ESS according to the load. The conventional commercial diesel power source was selected from the Doosan Infracore's P126-TI model with a capacity of 241 kW, which was optimized for an average load of 80%. This generator's specific rated power was 80% load of 241 kW, 192.8 kW and selected as the standard model of the diesel generator of the test bed. The diesel generator for fuel cell-based hybrid power source was selected as a DB-58 model with a capacity of 70 kW among the diesel engines of the Doosan Infracore's generator. The generator was also optimized for an average load of 80%, 56 kW was selected as the diesel generator reference model for the combined power source of the test bed.
In order to analyze the CO 2 emissions reduction of the combined power source, the fuel consumption and the carbon dioxide emissions of the commercial diesel generator optimized for the same power as the hybrid power source were applied to the baseload. To compare the fuel consumption of the MCFC and the diesel generator of the combined power source, each fuel consumption amount was converted into the petroleum conversion factor (1 Tonnage of oil equivalent [TOE] = 1000 kgoe). As shown in the Tables 11 and 12 , the fuel consumption factor of the diesel generator and the MCFC were matched by applying the energy calorific value conversion factor to each fuel consumption amount for application of the petroleum conversion factor. Table 11 . Flow conversion formula and CO 2 emission calculation formula. Estimation of greenhouse gas emissions was based on the methodology presented in the IPCC Guidelines. In international organizations and countries, emission factors are calculated and used according to the IPCC Guidelines. IMO has also developed a method for estimating carbon dioxide emissions for ships based on the IPCC Guidelines. However, the IPCC Guidelines provide a methodology for estimating emission factors, but IMO suggests a calculation method using conversion factors [47] . Tables 11 and 12 show a calculation formula and conversion standard.
Power Source Calculation Method of Fuel Consumption Calculation Method of CO 2

Diesel generator
Kgoe/h = flow (L/h) × 0.901 CO 2 = 0.857 × flow (L/h) × (3.206 + 0.3 + 0.08) Fuel cell Kgoe/h = flow (m 3 /h) × 1.043 CO 2 = 0.631 × Electric Energy (kWh)
Analysis of Fuel Consumption and CO 2 Emissions Reduction in Hybrid Power Source
The test bed used in this study consisted of a hybrid power source with a combined capacity of 180 kW (100 kW fuel cell, 30 kW battery, and 50 kW diesel generator). The power generation in the hybrid power source was designed such that the fuel cell was set for base-load operation and the battery and diesel generator operated in sequence. At 100 kW in Figure 7 , there is a 1% difference in the fuel consumption of the commercial diesel generator and the fuel cell. At 130 kW, the difference in fuel consumption with the diesel generator increases because the fuel cell and the battery, which does not need fuel supply, are operating. At 180 kW, the fuel cell, battery, and diesel generator were operating, and it can be seen that there was a reduction in the fuel consumption and CO 2 emissions of the hybrid power source compared to the commercial diesel generator. At 100 kW in Figure 8 , the CO 2 emissions of the fuel cell are 9% of those of the commercial diesel engine. At 130 kW, at which the fuel cell and battery were operating, the difference in CO 2 emissions compared with the diesel generator increases. At 180 kW, at which the fuel cell, battery, and diesel generator were operating, the CO 2 emissions of the hybrid power source were reduced by 39% compared to that of the commercial diesel generator. Table 13 shows the CO 2 emission reduction rates. 
Analysis of Fuel Consumption and CO 2 Emission Reduction in a Fuel-Cell-Based Hybrid Power Source Using Simulations of Operating Profiles by Type of Ship
The actual electric load analysis values that were used in this study were taken from the operating profiles of ships, including a 5500 TEU Reefer Container, a 13000 TEU Container, a 40 k DWT Bulk Carrier, 130 k DWT LNG Carrier, and 300 k DWT very large crude oil carrier (VLCC). These values were scaled down for each operation mode and suitable load scenarios for each ship type were used. To utilize scale-down methodology, the linear interpolation method is applied [48] . For example, if the original 5500 TEU Reefer Container's rated power is 4154 kW, the rated power of the test bed is 180 kW, when applying the scale down method. At part load, 1424 kW will be converted to 61 kW. All following test bed operating loads were calculated in this way. For the load scenarios in Table 14 , according to the ship type operating scenarios, the following power sources were applied. 
5500 TEU Reefer Container
The 5500 TEU reefer container uses the following operating modes during operations: Normal seagoing (without reefer), normal seagoing (with reefer), port in/out (without thruster), port in/out (with thruster), and load/unload. To perform the test bed experiments, the scale of the values obtained as a result of the electric load analysis were adjusted to reflect the output of each operating mode of an actual ship. As shown in Figure 9 , the hybrid power source was used in the load scenarios of this ship. Normal seagoing (without reefer) was a fuel cell operation interval. Normal seagoing (with reefer) was a fuel cell + battery + diesel generator operation interval. Port in/out (without thruster) was a fuel cell operation interval. Port in/out (with thruster) and load/unload were fuel cell + battery + diesel generator operation intervals. The scale-adjusted electric load analysis was applied to the test bed, and the output tests were carried out. Figure 10 compares the fuel consumption during each operating mode of this ship. The fuel consumption reached a maximum during the normal seagoing (with reefer) mode and a minimum during the normal seagoing (without reefer) mode. As the load increased, the fuel consumption increased; similarly, as the load decreased, the fuel consumption decreased. However, when observing the CO 2 emission reduction rates shown in Figure 11 , it can be seen that the CO 2 emission reduction rate was the highest in the port in/out (without thruster) mode, during which the second least amount of fuel was consumed. 
13000 TEU Container
The 13000 TEU container uses the following operating modes during voyage: Normal seagoing, port in/out (without thruster), port in/out (with thruster), load/unload, and harboring. The test bed experiments were conducted by adjusting the scale of the values obtained from the electric load analysis or the output of each operating mode of an actual ship. As shown in Figure 12 , the hybrid power source was used in the load scenarios of this ship. Normal seagoing was a fuel cell operation interval. Port in/out (without thruster) was a fuel cell + battery operation interval. Port in/out (with thruster) was a fuel cell + battery + diesel generator operation interval. Load/unload and harboring were fuel cell operation intervals. The scale-adjusted electric load analysis was applied to the test bed, and the output tests were performed. Figure 13 compares the fuel consumption during each operating mode of this ship. The fuel consumption was at maximum during the port in/out (with thruster) mode and at minimum during the load/unload mode. The load increased (and decreased) as the fuel consumption increased (and decreased), respectively. However, on observing the CO 2 emission reduction rates shown in Figure 14 , it can be seen that the CO 2 emission reduction rate was low in the load/unload and harboring modes despite the low fuel consumption. 
40 k DWT Bulk Carrier
The 40 k DWT bulk carrier uses the following operating modes during operations: Normal seagoing, port in/out, loading (shore crane), loading (deck crane), and harboring. To perform the test bed experiments, the scale of the values obtained as a result of the electric load analysis was adjusted according to the output of each operating mode of an actual ship. As shown in Figure 15 , the hybrid power source was used in the load scenarios. Normal seagoing was a fuel cell operation interval. Port in/out was a fuel cell + battery + diesel generator operation interval. Port in/out (with thruster) was a fuel cell + battery + diesel generator operation interval. Loading (shore crane) was a fuel cell + battery operation interval. Loading (deck crane) was a fuel cell + battery + diesel generator operation interval. Harboring was a fuel cell interval. The scale-adjusted electric load analysis was applied to the test bed before the output tests were performed. Figure 16 compares the fuel consumption during each operating mode of this ship. The fuel consumption was at maximum during the loading (deck crane) mode and at minimum during the harboring mode. The fuel consumption increased as the load increased, and decreased as the load decreased. However, on observing the CO 2 emission reduction rates shown in Figure 17 , it can be seen that the CO 2 emission reduction rate of the loading (shore crane) mode was as high as 85% even though this operation consumed more fuel than during normal seagoing operations. 
130 k DWT LNG Carrier
The 130 k DWT LNG carrier uses the following operating modes during its operations: Normal seagoing, port in/out, port discharging, port loading, and port idle gas free. The test bed experiments were conducted by adjusting the scale of the values obtained from the electric load analysis based on the output of each operating mode of an actual ship. As shown in Figure 18 , the hybrid power source was used in the load scenarios of this ship. Normal seagoing was a fuel cell operation interval. Port in/out, port discharging, and port loading were fuel cell + battery + diesel generator operation intervals. Port idle gas free was a fuel cell operation interval. The scale-adjusted electric load analysis was applied to the test bed, and the output tests were performed. Figure 19 compares the fuel consumption during each operating mode of this ship. The maximum amount of fuel was consumed during the port discharging mode, whereas it reached a minimum during the port idle gas free mode. The fuel consumption increased and decreased as the load increased and decreased, respectively. However, on examining the CO 2 emission reduction rates shown in Figure 20 , it can be seen that the CO 2 emission reduction rate of the normal seagoing mode was as high as 83%, even though the fuel consumption in this mode exceeded that in the port idle gas free mode. 
300 k DWT Very Large Crude Oil Carrier (VLCC)
The 300 k DWT VLCC uses the following operating modes during operations: Normal seagoing, with an inert gas supply system (IGS) topping up, tank cleaning, port in/out, and load/unload. An adjustment was made to the scale of the values of the electric load analysis of the output of each operating mode of an actual ship to perform the test bed experiments. As shown in Figure 21 , the hybrid power source was used in the load scenarios of this ship. Normal seagoing was a fuel cell operation interval. With IGS topping up was a fuel cell + battery operation interval. Tank cleaning, port in/out, and load/unload were fuel cell + battery + diesel generator operation intervals. The scale-adjusted electric load analysis was applied to the test bed, and the output tests were performed. Figure 22 compares the fuel consumption during each operating mode of this ship. The fuel consumption was at maximum during the port in/out mode and at minimum during the normal seagoing mode. The fuel consumption increased as the load increased and decreased as the load decreased. However, on observing the CO 2 emission reduction rates shown in Figure 23 , it can be seen that the CO 2 emission reduction rate in the IGS topping up mode was as high as 85%, even though the fuel consumption in this mode was higher than in normal seagoing mode. Operating profile scenarios for each type of ship were developed, and the five developed load scenarios were applied to the test bed. The results are presented in Table 15 . 
Conclusions
This study analyzed the fuel consumption and CO 2 emission reduction rates when a fuel-cell-based hybrid power source instead of a conventional commercial diesel power source was used in ships. The results showed that under the rated output on a test bed with a load bank of 180 kW, the conventional commercial diesel generator consumed fuel at 43.5 kgoe/h and emitted CO 2 at 148.5 kg/h, whereas the fuel-cell-based hybrid power source consumed fuel at 35.6 kgoe/h and emitted CO 2 at 57.7 kg/h, as given in Table 11 . The hybrid power source reduced fuel consumption by 18% and CO 2 emissions by 61% at part load in the port period. These results indicate that it is possible to reduce CO 2 emissions by up to 61% if a hybrid power source of the same capacity is used to power a ship.
In this study, the actual electric load analysis values of the 5500 TEU Reefer Container, 13 k TEU Container, 40 k Bulk Carrier, 130 k DWT LNG Carrier, and 300 k DWT Crude Oil Tanker were scaled down according to the operation mode, and the control logic and systems of the test bed developed in this study were operated normally according to the respective load scenarios. The experimental results of applying the developed five load scenarios to the test bed are shown in Table 15 .
Because the output characteristics and control time of the diesel generator, according to the power source of the hybrid system, were reduced, according to the load variation pattern of the ship and the ship's type, the CO 2 emissions of the hybrid system, as compared with the case of the diesel generator, alone operated for each load scenario with an average of 70%~74% less.
In order to apply the hybrid system to ships, it is possible to maximize the CO 2 emission reduction effect by setting the capacity of the fuel cell + battery to be able to take charge of the base load of the ship through analysis of the base load of each ship type. Funding: This research received no external funding.
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